In plants, receptor-like kinases (RLKs) and extracellular reactive oxygen species (ROS) contribute to the communication between the environment and the interior of the cell. Apoplastic ROS production is a frequent result of RLK signaling in a multitude of cellular processes; thus, by their nature, these two signaling components are inherently linked. However, it is as yet unclear how ROS signaling downstream of receptor activation is executed. In this review, we provide a broad view of the intricate connections between RLKs and ROS signaling and describe the regulatory events that control and coordinate extracellular ROS production. We propose that concurrent initiation of ROS-dependent and -independent signaling linked to RLKs might be a critical element in establishing cellular responses. Furthermore, we discuss the possible ROS sensing mechanisms in the context of the biochemical environment in the apoplast. We suggest that RLK-dependent modulation of apoplastic and intracellular conditions facilitates ROS perception and signaling. Based on data from plant and animal models, we argue that specific RLKs could be components of the ROS sensing machinery or ROS sensors. The importance of the crosstalk between RLK and ROS signaling is discussed in the context of stomatal immunity. Finally, we highlight challenges in the understanding of these signaling processes and provide perspectives for future research.
INTRODUCTION
Multicellular organisms use a plethora of mechanisms to control and adjust the functions of cells to ensure coordinated and synchronized responses in tissues, organs, and throughout the entire organism. The perception of specific molecules at the cell perimeter is of crucial importance for these signaling processes. In plants, communication between cells and the extracellular environment is largely controlled by receptor-like kinases (RLKs) and receptor-like proteins. The RLKs are a large protein family with over 600 members in the model plant Arabidopsis thaliana (Shiu and Bleecker, 2003) . RLKs are transmembrane proteins that are anchored to the plasma membrane. The N-terminal extracellular region, the ectodomain, extends into the apoplast where it perceives stimuli, whereas the C-terminal kinase domain resides inside the cytoplasm and relays signals into the intracellular environment. Recent studies have highlighted the roles of RLKs as central regulators of development, growth, pathogen defense, and responses to abiotic cues (Marshall et al., 2012) . Since plants are constantly exposed to multiple stimuli, the large number of RLKs and the corresponding potential ligands might mediate the integration of simultaneous signals through crosstalk and the use of similar signaling components. Despite their importance, the protein complexes that coordinate receptor action remain poorly understood.
In addition to RLKs, reactive oxygen species (ROS) are important components of multiple signaling pathways. ROS include singlet oxygen ( 1 O 2 ), superoxide anion (O 2 $ 2 ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (HO $ ), each with distinct chemical properties and important roles as signaling molecules in all domains of life. ROS are produced in multiple subcellular locations, including chloroplasts, peroxisomes, mitochondria, and the apoplast. Importantly, localized ROS accumulation frequently affects the redox status of other subcellular compartments (Joo et al., 2005; Vahisalu et al., 2010) and even of distant cells (Gilroy et al., 2016) . Intracellular ROS production is primarily associated with photorespiration and metabolic processes characterized by high redox potentials, such as photosynthetic/mitochondrial electron transport chains. By contrast, apoplastic ROS accumulation results mainly from the specific activation of plasma membrane-localized NADPH oxidases, in plants known as respiratory burst oxidase homologs (RBOHs), and cell wall peroxidases ( Figure 1 ; Kärkönen and Kuchitsu, 2015) . In plants, ROS exert control over metabolic regulation, development, pathogen defense, and responses to abiotic stimuli (Wrzaczek et al., 2013) . As evident from transcriptomic responses (Vaahtera et al., 2014; Willems et al., 2016) , plant cells meticulously sense ROS and trigger specific responses tailored to the type, concentration, and subcellular origin of ROS molecules. However, it is unclear how this signaling specificity is achieved.
An emerging theme associated with RLK signaling is the production of ROS in the apoplast. In this context, the question of signaling specificity gains additional importance, as functionally independent RLKs can trigger the production of the same type of ROS in the same subcellular compartment. The integration of ROS-dependent and -independent RLK signaling mechanisms likely provides specificity for local and systemic ROS signaling. While numerous reviews discuss RLK and ROS signaling separately, here, we evaluate recent progress in understanding the crosstalk between RLK and ROS signaling. We discuss how RLKs both influence and are influenced by ROS production and signaling and propose that crosstalk between RLKs and ROS signaling may play a critical role in plant development and environmental responses.
RLKs REGULATE ROS PRODUCTION AND SIGNALING (ROS DOWNSTREAM OF RLKs)
The large variety of RLKs enables perception of a wide rage of signaling molecules, which can act as ligands and activate RLKs upon binding (Greeff et al., 2012) . Ligands primarily bind to their receptors in a noncovalent manner, often via hydrogen bonds or hydrophobic interactions (Hohmann et al., 2017) . Ligand binding can induce the formation of multimeric complexes involving activated receptors, coreceptors, and intracellular kinases (Couto and Zipfel, 2016) . This process further triggers the phosphorylation of a wide range of different substrates, such as RBOHs, which orchestrate cellular responses.
The production of O 2 $ 2 molecules by RBOHs, and their subsequent dismutation into H 2 O 2 both spontaneously and enzymatically via apoplastic superoxide dismutases has been described for numerous processes downstream of RLK activation. These processes range from the recognition of microbeassociated molecular patterns (MAMPs) and host-derived damage-associated molecular patterns (DAMPs) to the control of plant development (Table 1) . The Arabidopsis genome encodes 10 RBOHs involved in different physiological processes (Suzuki et al., 2011) . Two RBOH isoforms, RBOHD and RBOHF, play major roles in the responses to abiotic and biotic stimuli. Apoplastic ROS are produced by the activation of plasma membrane-localized NADPH oxidases (RBOHs) and cell wall peroxidases. RLKs, in concert with coreceptors, RLCKs, small GTPases, and heterotrimeric G-proteins, control the activity of RBOHs. In addition to controlling RBOH activity, RLK complexes also regulate ROS-independent signaling components, e.g., MAPK cascades. Apoplastic ROS production leads to Ca 2+ influx and Ca 2+ -dependent activation of RBOHs. RLK signaling can also mediate inhibition of H + -ATPase activity leading to an increase of apoplastic pH. Sensing of ROS by putative RLKs in the apoplast and following influx through aquaporins by intracellular proteins leads to activation of ROS-dependent signaling components. ROSdependent/-independent signaling and MAPK signaling are integrated to establish signal specificity. PRXs, peroxidases; Gabg, heterotrimeric G-protein subunits; MPK, mitogen-activated protein kinase; MPKK, MAPK kinase; MPKKK, MAPKK kinase; SOD, superoxide dismutase. Detailed descriptions of specific regulatory mechanisms are provided in the main text.
RBOHs are synergistically regulated by phosphorylation and calcium (Ca 2+ ) binding to EF-hand domains in the N-terminal cytosolic region (Kärkönen and Kuchitsu, 2015) . While RLKs might stimulate extracellular ROS production via several mechanisms, genetic and biochemical analyses have highlighted two classes of signaling components by which RLK activation controls RBOH activity: receptor-like cytoplasmic protein kinases (RLCKs) and small guanine nucleotide binding proteins, the so-called Rac/Rho-like guanine nucleotide exchange factors (Rac/ROP GEFs) ( Figure 1 ). RLCKs represent a subset of RLKs that lack the extracellular and transmembrane regions and are used by several RLKs as downstream signaling components (Table 1) . Rac/ROP GEFs belong to the Ras and Rho subfamilies of the Ras superfamily of small GTPases and function as molecular switches in many signaling cascades (Wu et al., 2011 ; Table 1 ). Cell wall peroxidases also contribute to apoplastic ROS production (Daudi et al., 2012) , although little is known about their regulation. The activation of ROS production downstream of multiple independent RLKs (Table 1) highlights the notion that ROS bursts are a central element of RLK signaling. However, the precise messages conveyed by the RLK-triggered ROS burst have yet to be decrypted.
RLCKs Connect RLKs with ROS Production
The activation of RBOHs by RLCKs is a well-recognized response to MAMPs (summarized in Table 1 ). Well-characterized MAMPs include bacterial flagellin (epitope flg22), elongation factor Tu (EF-Tu; epitopes elf18 and elf26), and fungal chitin. The recognition of ligands by the respective receptors FLAGELLIN-SENSITIVE2 (FLS2), EF-TU RECEPTOR (EFR) or Lysin motif (LysM)-CONTAINING RECEPTOR KINASE5 (LYK5), and CHITIN ELICITOR RECEPTOR KINASE1 (CERK1) triggers the formation of heteromeric complexes with their respective coreceptors, ultimately leading to the activation of the RLCK BOTRYTIS-INDUCED KINASE1 (BIK1; Couto and Zipfel, 2016) . Activated BIK1 phosphorylates RBOHD and thereby initiates ROS production (Kadota et al., 2014) . Likewise, BIK1 plays a central role in DAMP signaling (Table 1 ). The receptor for the DAMP AtPEP1, PEP RECEPTOR1 (PEPR1) interacts with and phosphorylates BIK1 in vitro (Liu et al., 2013) . Phosphorylation of RBOHD by BIK1 is required for AtPep1-induced ROS production (Kadota et al., 2014) . These findings suggest that the binding of AtPep1 to PEPR1 triggers BIK1 activation and induces ROS production by RBOHD. These examples emphasize the essential role of BIK1 in activating ROS production downstream of MAMP/DAMP receptors.
While it is unclear whether different RLKs phosphorylate the same residues in BIK1 (Lu et al., 2010; Lin et al., 2014) , the targeting of different sites could adjust the activity and selectivity of BIK1 toward different substrates. Importantly, BIK1 is not the only RLCK that interacts with RLKs . For example, the RLCK PBS1-LIKE1 (PBL1) interacts with FLS2 and PEPR1 and is phosphorylated upon treatment with flg22 Liu et al., 2013) . However, it is unclear whether PBL1 is directly phosphorylated by FLS2 or PEPR1. Furthermore, PBL1 interacts with RBOHD and contributes to flg22-induced ROS production (Kadota et al., 2014) but has not been shown to phosphorylate RBOHD. However, it is conceivable that PBL1 might be phosphorylated by RLKs and can itself phosphorylate RBOHs in a manner similar to that of BIK1. These different RLCKs could represent different signaling modules or could be specific to distinct cells or tissues. It is likely that RLCKs modulate the repertoire of responses by phosphorylating diverse sets of substrates, thereby ultimately helping to establish signaling specificity.
Small G-Proteins Control ROS Production Downstream of RLKs
In rice (Oryza sativa), the control of intracellular signaling events downstream of chitin perception relies on RacGEF rather than RLCKs (Table 1) . Upon chitin treatment, OsCERK1 associates with CHITIN ELICITOR BINDING PROTEIN (Shimizu et al., 2010) . Subsequently, OsCERK1 phosphorylates RacGEF1, which activates the small GTPase Rac1. Rac1 then stimulates ROS production by RBOHB (Akamatsu et al., 2013) .
The regulation of ROS production by Rac/ROP downstream of RLK activation is also important for controlling plant growth and development. In Arabidopsis, FERONIA (FER), a member of the Catharanthus roseus RLK1-like kinase family (CrRLK1L), perceives the RAPID ALKALINIZATION FACTOR (RALF) peptide to inhibit primary root elongation (Haruta et al., 2014) . Other CrRLK1L kinases are also thought to recognize polysaccharides or glycosylated proteins to monitor cell wall integrity and regulate cell expansion (Boisson-Dernier et al., 2011; Lindner et al., 2012) . In roots, FER interacts with ROPGEF1, which then recruits and activates ROP2 (Duan et al., 2010) , which in turn potentially activates RBOHC/ROOT HAIR DEFECTIVE2 (RHD2; Jones et al., 2007) . The FER-ROPGEF-ROP module also controls ROSmediated pollen tube reception in the female gametophyte (Duan et al., 2014) . ROS accumulation is essential for pollen tube growth and relies on RBOHH and RBOHJ, as evident from the male sterility phenotype of rbohH rbohJ plants (Kaya et al., 2014) . Two members of the CrRLK1L kinase family, ANXUR1 (ANX1) and ANX2, function upstream of RBOHH and RBOHJ (Boisson-Dernier et al., 2013) , likely contributing to the control of their ROS production activity, as anx1 anx2 double mutants phenocopy the male sterility of rbohH rbohJ plants. Interestingly, ROPGEF1 is also phosphorylated by the leucine-rich repeat (LRR)-RLK POLLEN-SPECIFIC RECEPTOR-LIKE KINASE2 (PRK2), forming a complex with PRK2 and ROP1 that participate in the control of pollen tube growth (Chang et al., 2013) . However, it is currently unclear whether PRK2-ROPGEF1-ROP1 controls ROS production. Similarly, it is unknown whether ANXs phosphorylate ROPGEFs. Activated ROP1 could be a key element in regulating the activity of RBOHH and RBOHJ downstream of ANXs and PRK2. In addition to FER, ANX1, and ANX2, the CrRLK1L kinase THESEUS1 (THE1) also appears to be involved in ROS-dependent processes ( Table 1 ; Denness et al., 2011) . However, their interactions with ROPGEFs or ROPs have not been demonstrated. It is plausible that all CrRLK1L kinases that initiate apoplastic ROS production could activate a similar set of ROPGEFs, thus making them central regulators of ROS production downstream of RLK activation.
Integration of RLCK and Rac/ROP GEF Signaling Modules
CrRLK1L kinases serve as an excellent example demonstrating that the control of ROS production by RLKs is not necessarily Yes (At) Felix et al., 1999; Gómez-Gómez and Boller, 2000; Chinchilla et al., 2006; Melotto et al., 2006; Zipfel et al., 2006; Zhang et al., 2010; Sreekanta et al., Gust et al., 2007; Miya et al., 2007; Zhang et al., 2010; Liu et al., 2012; Shinya et al., 2014 LIK1 facilitated by a single mechanism. A suppressor mutant screen for male sterility in the anx1 anx2 double mutant identified a mutation in the RLCK MARIS (MRI) that stimulates its kinase activity. Hyperactive (but not wild type) MRI partially rescued the male sterility of anx1 anx2 and rbohH rbohJ double mutants (Boisson-Dernier et al., 2015) , suggesting that MRI is capable of activating other RBOHs. This hypothesis is in line with the ability of hyperactive MRI to rescue RBOHC/RHD2-dependent root hair growth defects in fer (Boisson-Dernier et al., 2015) . To gain more insight into the integration of MRI into CrRLK1L signaling, it would be interesting to assess ROS accumulation in plants with hyperactive and kinase-dead MRI. In summary, these findings suggest that RLCKs and Rac/ROP GEFs might function together. Furthermore, another class of GTPases, heterotrimeric G-proteins, also function in the receptor-RLCK system. Under resting conditions, heterotrimeric G-proteins interact with the FLS2-BIK1 complex and attenuate BIK1 degradation (Liang et al., 2016) . In response to flg22, G-proteins stimulate ROS production, likely by helping to activate RBOHD. While the regulation of RBOH through RLCKs and Rac/ROP GEF signaling modules is well described, the direct regulation of RBOH by RLKs is a largely unexplored research direction. BRI1-ASSOCIATED KINASE1 (BAK1) interacted weakly with the N terminus of RBOHD in vitro, but the in planta significance of this interaction is unclear (Kadota et al., 2014) . A survey of public interactome data suggests that RLKs such as cysteine-rich receptor-like kinases (CRKs) can interact with RBOHs , which is in agreement with the results of a functional analysis of crk mutants. CRKs are involved in ROS-related processes, such as the regulation of MAMP-induced ROS production and stomatal closure (Bourdais et al., 2015) . Furthermore, CRKs associate with other RLKs, such as FLS2 (Yeh et al., 2015) and BAK1 (Yadeta et al., 2016) . Taken together, this emerging evidence supports a potential role for CRKs in the regulation of ROS production by RBOHs. However, the exact mechanism of how CRKs influence apoplastic ROS production is still unclear.
RLKs Positively and Negatively Control ROS Production
Many different receptors and processes positively regulate ROS production (Table 1) . However, negative regulation is equally important for helping plants avoid the consequences of unrestricted ROS accumulation. Unlike BIK1 and PBL1, the RLCK PBL13 negatively regulates ROS production in the absence of flagellin, as evident from the enhanced MAMP-induced ROS burst in pbl13 plants and the disruption of the PBL13-RBOHD interaction by flg22 treatment . Similarly, Arabidopsis mutants for LysM RLK1-INTERACTING KINASE1 (LIK1), an LRR-RLK, show higher ROS production in response to chitin than the wild type (Le et al., 2014) . CERK1 phosphorylates LIK1 in a chitin-independent manner (Le et al., 2014) , but the relevance of this activity has not been clarified. These data suggest that LIK1 negatively regulates ROS production, but a potential interaction between LIK1 and RBOHs has not yet been demonstrated. Intriguingly, FER, which activates RBOHC/RHD2 as described above, might also negatively regulate RBOHF-mediated ROS production. FER directly interacts with ROPGEFs, which activate ROP11. Activated ROP11 interacts with ABSCISIC ACID Table 1 . INSENSITIVE2 (ABI2), which subsequently inhibits OPEN STOMATA1 (OST1; Yu et al., 2012) . OST1 phosphorylates RBOHF and potentially regulates its activity (Sirichandra et al., 2009 ). Thus, FER might counteract the activation of RBOHF by OST1 via ROPGEFs, ROP11, and ABI2. FER also influences ROS production through its role as a scaffold protein. Depending on binding of different RALF peptides to its ectodomain, FER can either promote or inhibit receptor complex formation and subsequent signaling (Stegmann et al., 2017) . Moreover, another RLK, LecRK-V.5, negatively affects ROS production in guard cells in response to MAMPs and the plant hormone abscisic acid (ABA; Desclos-Theveniau et al., 2012) , suggesting that, depending on the context, RLKs can negatively regulate RBOH-dependent ROS production.
The positive and negative regulation of ROS production are tightly integrated to provide fine-tuned control, with RLCKs and Rac/ROP GEFs possibly functioning as a central integration node (Table 1 ). The brassinosteroid (BR) signaling mechanism illustrates the complexity of this regulatory balance. BRs are perceived by the LRR-RLK BRASSINOSTEROID INSENSITIVE1 (BRI1; Li and Chory, 1997) and induce an RBOH-dependent ROS burst (Nie et al., 2013) . Like many MAMP/DAMP receptors, the hormone receptor BRI1 associates with its coreceptor BAK1 in response to BR, resulting in BRI1 activation (Li et al., 2002) . Subsequently, BIK1 is phosphorylated by BRI1 and released from the receptor complex. In addition to BIK1, BRI1 phosphorylates BR signaling kinases (BSKs; Tang et al., 2008) ; these RLCKs might activate RBOH-dependent ROS production via mitogen-activated protein kinase (MAPK) cascades. However, other downstream components of BR signaling, such as the transcription factors BRI1 EMS SUPPRESSOR1 (BES1) and BRASSINAZOLE RESISTANT1 (BZR1), inhibit RBOH-dependent ROS production (Deng et al., 2016) . Moreover, BRI might also counteract extracellular ROS production by negatively controlling peroxidase expression (Kim et al., 2012) . In summary, it appears that BR treatment not only induces, but also counteracts, ROS production. While some questions remain, it is plausible that, considering the functions of BIK1 described above, BIK1 phosphorylates RBOHD to promote BR-induced ROS production. Other factors that control BR-induced ROS production remain to be determined. It is tempting to speculate that RBOH activation might represent the first response to BR, while responses that rely on changes in gene expression could occur later.
Taken together, multiple lines of evidence link the processes controlled by RLKs and ROS signaling (Table 1) . Through "guilt-by-association," it can be postulated that RLKs, which employ the RLCK and Rac/ROP GEF modules discussed above, might modulate ROS signaling. Thus far, the direct ROS dependency of RLK signaling has been ascertained in only a few cases. As shown in Table 1 , many elements that regulate ROS production downstream of RLKs have yet to be identified or are insufficiently understood. The ubiquitous nature of ROS production in response to RLK activation strongly suggests that ROS play central but incompletely characterized roles in RLK signaling. The conservation of RLK-associated protein complexes might reflect the importance of robust ROS production, which can be adjusted through the integration of parallel signaling pathways.
Disentangling ROS-Dependent and ROS-Independent Responses
Since ROS production is not the only response to RLK activation, it is important to determine which parts of a signaling pathway and the eventual outcomes are dependent or independent of ROS. These separate downstream processes might not be readily separated from each other. Indeed, a strong overlap between responses to, e.g., elicitation with MAMPs and the direct application of ROS, is visible at the gene expression level. However, in addition, clear treatment-specific effects on gene expression patterns can be observed (Vaahtera et al., 2014; Bourdais et al., 2015) . Furthermore, such signal specificity can already be observed at the level of intermediate responses, such as ROSinduced Ca 2+ fluxes (Evans et al., 2005) . These findings support the notion that ROS, as well as RLKs, can trigger both generic and highly specific responses.
The activation of MAPKs downstream of FLS2 serves as an excellent model illustrating the existence of ROS-dependent and -independent processes. Both pathogen attack and the direct application of ROS lead to the activation of MPK3 and MPK6 (Ahlfors et al., 2004) . However, FLS2-dependent activation of RBOHD is not required for the activation of MPK3 and MPK6 in response to bacterial pathogens (Xu et al., 2014) . By contrast, the Malectin-like/LRR-RLK IMPAIRED OOMYCETE SUSCEPTIBILITY1 (IOS1; Yeh et al., 2016) , a component of the FLS2 receptor complex, and LecRK-VI.2 (Singh et al., 2012) are required for the activation of MPK3 and MPK6 but not for the ROS burst. While the identities of all complexes involving IOS1 remain to be elucidated, it is likely that IOS1 serves as a common node leading to MAPK activation. Since Malectin-like RLKs are thought to sense cell wall damage (Table 1) , IOS1 might convey information about the status of the cell wall to control MAPK activation. Both ROS and pathogens damage the cell wall, which might be sensed by IOS1 to trigger MAPK activation. To test this hypothesis, it would be interesting to investigate the activation of MAPKs in the ios1 mutant upon ROS treatment.
As described above, BIK1 and PBL1 positively regulate RBOHdependent ROS production, whereas PBL13 negatively regulates this process. However, the mechanisms underlying the seemingly opposite functions of RLCKs are currently unclear. These RLCKs might phosphorylate different amino acids within RBOHs. Moreover, in addition to common sets of substrates, including RBOHs, RLCKs might also phosphorylate specific substrates to establish signaling specificity downstream of RLK activation. Analogously, such selectivity might also be attributed to ROP-GEFs. The mechanisms that dictate the interaction bias between RLK kinase domains and cytoplasmic signaling components remain to be elucidated. Clearly, the RLK kinase domain has a major effect on the outcome of signaling. However, kinase domains of closely related RLKs have overlapping functions. For example, swapping the kinase domains between CrRLK1L kinase family members can complement the fer mutant phenotype (Kessler et al., 2015) , indicating that the kinase domains of CrRLK1Ls can substitute for each other. By contrast, evolutionarily distant kinases likely display less overlap in their substrates, as illustrated by the kinase domain of WALL-ASSOCIATED KINASE1 (WAK1), which is sufficient to mediate responses mirroring treatment with oligogalacturonides, even when fused to the ectodomain of EFR (Brutus et al., 2010) . These two cases show that the kinase domain strongly contributes to downstream signaling specificity. However, kinase selectivity might be less important between closely related RLKs. A wide range of substrates might allow dynamic feedback regulation to occur between RLK signaling and other cellular processes.
THE APOPLAST: AN ARENA FOR ROS SIGNALING
The apoplastic concentrations of the major redox buffers GSH and ascorbate (AA) are orders of magnitude lower than those in the cytoplasm. While the cytoplasmic concentration of GSH is in the millimolar range (Koffler et al., 2013) , apoplastic GSH is barely detectable (Vanacker et al., 1998; Koffler et al., 2013) . Therefore, despite the physiological significance of apoplastic GSH metabolism (Tolin et al., 2013) , it is still unclear whether apoplastic GSH serves as a donor of reducing equivalents or purely functions in signaling (Zechmann, 2014) . Similarly, apoplastic AA contributes little to the total leaf AA pool (Zechmann et al., 2011) . Moreover, even under standard growth conditions, most apoplastic AA is oxidized, while over 90% of total leaf AA is present in the reduced form (Veljovic-Jovanovic et al., 2001; Booker et al., 2012) . As the antioxidant capacity of apoplastic AA is limited, oxidative AA derivatives are thought to function as signaling molecules (Tran et al., 2013) . Apoplastic AA might also buffer "redox noise" and restrict the perception of extracellular ROS below the threshold level. Consequently, the low abundance of GSH and AA extend the half-life of H 2 O 2 , the most stable form of ROS (Mattila et al., 2015) , from milliseconds (as observed in the intracellular environment) to seconds (Costa et al., 2010) , thereby enabling diffusion of H 2 O 2 through the apoplast for cell-to-cell signaling. Thus, the unique physicochemical conditions of the apoplast, i.e., low redox buffering capacity and low pH (discussed below), make it well suited for the generation and propagation of ROS signals.
ROS Are Perceived via Oxidative Posttranslational Modifications
In contrast to signaling molecules that interact with macromolecular domains within receptor proteins (Hohmann et al., 2017 ; Table 1 ), ROS directly modify amino acid residues, most prominently cysteine and methionine. This activity results in covalent oxidative posttranslational modifications (PTMs) of a large pool of potential ROS targets (Figure 2A ). Most ROS signaling pathways utilize the oxidation of sulfur atoms within the thiol groups of cysteine residues as the initial perception event (Waszczak et al., 2015) . In sensor proteins, cysteine reactivity is tightly controlled and depends on the ability of thiol groups (-SH) to form thiolate anions (-S 2 ), which are prone to oxidation. Low pH favors the protonated state of thiols, while at elevated pH, reactive thiol groups are present in dissociated form. Hence, low pK a cysteine residues, i.e., residues that form thiolate anions at physiological pH (pK a < pH; Figure 2A) , are the first points of ROS perception (Roos et al., 2013) . However, excessive differences between the pK a and pH of the environment can reduce thiolate reactivity (Ferrer-Sueta et al., 2011) . Thus, cysteines are most prone to oxidation at pH levels close to their pK a (Roos et al., 2013) . The pK a of cysteine residues is determined by the local electrostatic environment, especially hydrogen bonds between thiolate and proximal amino acids (Roos et al., 2013) . Therefore, the reactivity of cysteine residues can differ significantly within a single protein molecule.
In the presence of H 2 O 2 , reactive thiols undergo oxidation to sulfenic acid (-SOH), which usually serves as a gateway to further oxidative modifications (Figure 2A) . These modifications include oxidation to sulfinic (-SO 2 H) and sulfonic (-SO 3 H) acid, which, with few exceptions, leads to protein damage (Waszczak et al., 2015) . Overoxidation of sulfenic acid can be prevented by S-glutathionylation (-SSG) or the formation of intra-and intermolecular disulfide bonds (Figure 2A ). Within the intracellular environment, multiple proteins undergo S-glutathionylation (Zaffagnini et al. 2012) ; however, considering the negligible amount of GSH present in the apoplast, this PTM might not be as prevalent within this compartment. Importantly, cysteine residues are not the only physiological ROS targets. Oxidation of methionine residues has recently emerged as an additional mechanism for ROS perception (Figure 2A ; Jacques et al., 2015) . Furthermore, the metal-catalyzed dissipation of H 2 O 2 produces highly reactive HO $ , which reacts with amino acid residues, resulting in protein carbonylation and subsequent aggregation/inactivation.
Apoplastic posttranslational modifications might also involve reactions arising in the presence of nitric oxide (NO). NO is synthesized in the apoplast during the spontaneous reduction of nitrite at acidic pH and enzymatically by nitrite reductases and polyamine oxidases (Groß et al., 2013) . Within the intracellular environment, NO reacts with GSH to form S-nitrosoglutathione (GSNO), which is thought to serve as a physiological NO donor (Corpas and Barroso, 2014) . Treatment with GSNO leads to S-nitrosylation of cysteine residues within multiple proteins (Astier et al., 2012) ; however, the significance of this PTM in the apoplast environment remains to be determined. NO might also react with O 2 $ 2 to form peroxynitrite (ONOO 2 ). Peroxynitrite can react with cysteine thiolate anions, leading to the formation of cysteine sulfenic acid (Zeida et al., 2013) . Furthermore, the formation of ONOO 2 results in the nitration of tyrosine residues; the existence of this reaction in the plant apoplast has only recently been documented (Szuba et al., 2015) .
Like other posttranslational modifications, oxidative modifications can alter protein conformation or stability, thereby enabling ROS perception (Waszczak et al., 2015) . However, the mere presence of a ROS-sensitive protein does not ensure a ROS perception event. In addition to physicochemical restrictions, the reactivity of redox-sensitive amino acids also depends on their steric accessibility, with solvent-exposed residues being more prone to oxidation than other residues. This accessibility depends on protein structure, which might be subject to dynamic changes controlled by other PTMs. For example, phosphorylation might provide a priming event that orients redox-sensitive amino acids into an accessible configuration (Scotto et al., 1998) . Therefore, the activation of antagonistic or synergistic signaling networks might help control ROS perception events and provide additional flexibility for the modulation of signaling outcomes.
Apoplastic pH: An Overlooked Component of ROS Signaling?
Considering the pH dependence of thiol oxidation processes, the low pH in the apoplast might be the most crucial factor controlling cysteine-based ROS perception in this compartment. The resting pH of the apoplast typically ranges between 4.5 and 5.5. Therefore, it can be expected that under such conditions, most thiol groups are protonated and not prone to oxidation. However, RLK activation and ROS accumulation frequently coincide with apoplast alkalinization ( Table 1) . Alkalinization of the apoplast can occur in response to a plethora of stimuli, including exposure to pathogens (Felle et al., 2005) , MAMPs, and DAMPs, as well as ligands that regulate plant development (Table 1) . Furthermore, salt stress (Geilfus and Mühling, 2013) , auxin treatment (Gjetting et al., 2012) , and mechanical cues (Monshausen et al., 2009 ) are potent stimulators of apoplast alkalinization.
Apoplast alkalinization is attributed to the inhibition of plasma membrane H + -ATPases, which are responsible for establishing membrane potentials. Inhibition of H + -ATPases, combined with the activation of anion efflux channels, leads to plasma membrane depolarization and the subsequent activation of voltage-dependent K + efflux channels. H + -ATPases are regulated by phosphorylation, with specific sites inhibiting or promoting the interaction with 14-3-3 proteins, a process required for the activation of the pump (Elmore and Coaker, 2011) . The activity of plasma membrane H + -ATPases has been linked to RLK signaling. For example, perception of the RALF peptide by FER triggers phosphorylation and inhibition of the H + -ATPase AHA2, leading to RALF-dependent apoplast alkalinization (Haruta et al., 2014) .
As discussed above, an increase in pH might promote the dissociation of thiols, thereby increasing the availability of thiolate anions for reactions with hydrogen peroxide. The pH-dependence of the reaction rates between H 2 O 2 and free cysteine (Luo et al., 2005) , glutathione (Finley et al., 1981) , and thiols in proteins (Griffiths et al., 2002) is well documented. Therefore, apoplastic alkalinization could facilitate the oxidative modification of cysteines in redox-sensitive proteins. Importantly, such a mechanism would also restrict the perception of apoplastic ROS at low pH, thereby limiting the signaling role of background ROS levels which, due to limited apoplast redox buffering capacity, are likely to arise in the apoplast, even under control conditions. 
RLKs MEDIATE APOPLASTIC ROS PERCEPTION (RLKs DOWNSTREAM OF ROS)
RLK ectodomains and other signaling molecules, such as RLK ligands, are exposed to the apoplastic environment and are therefore confronted with highly oxidizing conditions. Considering the highly reactive nature of ROS, a functional interaction between ROS and RLK signaling could arise in the apoplast. While transcriptomic responses to ROS are specific to the origin and type of ROS molecules (Vaahtera et al., 2014; Willems et al., 2016) , it is unlikely that the properties of ROS alone can explain this signaling specificity. Instead, ROS signaling pathways can interact with parallel signaling cascades initiated by, for instance, the activation of RLKs (Figure 1) to fine-tune the signaling outcome. Despite the evidence supporting the interplay between ROS and RLKs, little is known about how plants perceive apoplastic ROS. Consequently, a major issue in plant ROS biology is the identification of sensors that transduce ROS signals into the cell for downstream responses.
Perception of Apoplastic ROS at the Place of Origin
At least two models for the perception of apoplastic ROS signals emerge from the literature. Based on the nature of the primary ROS sensor, the models (which are not mutually exclusive) can be classified as direct (the primary ROS sensor serves as an effector) or indirect (the ROS sensor conveys the signal to the effector). The direct ROS perception model assumes that apoplast-localized soluble or membrane-associated proteins exist that continuously monitor the redox status of the apoplast and directly relay the information to downstream signaling components, simultaneously fulfilling the roles of sensor and effector. This scenario could involve the direct oxidation of RLK ectodomains and the subsequent activation of signaling functions ( Figure 2B) . The indirect ROS perception model assumes that extracellular peptides or metabolites exist that, upon oxidation, bind to RLKs ( Figure 2B) . Alternatively, the oxidized ROS sensor proteins might oxidize RLK ectodomains via a redox relay mechanism ( Figure 2B) .
The oxidation of RLK ectodomains or the binding of oxidized peptides or metabolites may lead to differential RLK complex formation, phosphorylation events, and subsequent signal transduction ( Figure 2B ). While such signaling components have not yet been identified, CRKs have frequently been associated with processes involving apoplastic ROS accumulation. Transcriptional regulation by apoplastic ROS, the presence of conserved cysteines in the ectodomain, and functional analysis of crk mutants suggest that CRKs are intricately involved in ROS signaling (Chen, 2001; Bourdais et al., 2015) . The recent report of a cysteine-dependent function for CRK28 (Yadeta et al., 2016) further supports this hypothesis. However, it will be critical to investigate whether the cysteines in the CRK ectodomains fulfill signaling functions or are purely relevant for the structure of the domain.
Other data support the relevance of interactions between plant peptides and RLKs in ROS perception events ( Figure 2B) . One example involves the extracellular GRIM REAPER (GRI) protein (Wrzaczek et al., 2015) . Upon accumulation of ROS in the apoplast, GRI is cleaved by METACASPASE9. The resulting 11-amino acid GRI peptide binds to PRK5 to initiate cell death (Wrzaczek et al., 2015) . While the mechanisms controlling GRI proteolysis are currently unknown, it is unlikely that GRI/PRK5 signaling is the sole route for initiating cell death in response to apoplastic ROS. Oxidatively modified metabolites or cellular components might form another class of RLK ligands; the growing portfolio of cell wall-derived signaling molecules (Wolf et al., 2012) supports the existence of such mechanisms in the apoplast.
Multiple lines of evidence support the signaling function of antioxidant proteins; for example, ROS scavengers such as peroxiredoxins (Sobotta et al., 2015) and glutathione peroxidases (Miao et al., 2006) transduce oxidative signals to effector proteins via redox relay. These enzymes undergo H 2 O 2 -dependent oxidation. Once oxidized, the enzymes interact with and oxidize effector proteins, thereby altering their biological activity ( Figure  2B) . The sensitivity of such mechanisms stems from the high rate constants for reactions between H 2 O 2 and specialized ROS scavengers (Marinho et al., 2014) . Importantly, in many cases, an effector protein might not be limited to interactions with a single sensor. Such a lack of selectivity could help merge multiple inputs into a single output reaction, thus allowing for signal integration.
Despite the physiological importance of apoplastic ROS accumulation, until recently, virtually no targets for apoplastic ROS had been documented. However, the discovery of the activation of voltage-dependent STELAR K + OUTWARD RECTIFIER (SKOR) by H 2 O 2 (Garcia-Mata et al., 2010) provided compelling evidence for the occurrence of such signaling. In SKOR, channel opening induced by membrane depolarization exposes Cys-168 to the apoplastic environment, thereby allowing H 2 O 2 to reversibly enhance SKOR activity (Garcia-Mata et al., 2010) . Future research into apoplastic ROS perception will likely result in the identification of additional proteins that are regulated in a similar ROS-dependent manner.
Intracellular Sensing of Apoplastic ROS
The activity of apoplastic ROS might not be limited to the extracellular environment. Indeed, a growing body of evidence supports the intracellular sensing of apoplastic ROS (as depicted in Figures 1 and 2B) . Import of H 2 O 2 through aquaporins is a wellrecognized mechanism in animal cells (Satooka and Hara-Chikuma, 2016) . However, while the H 2 O 2 permeability of plant aquaporins was documented a decade ago (Bienert et al., 2007) , its functional significance has been described only recently (Tian et al., 2016) . It remains unclear how imported H 2 O 2 avoids intracellular ROS scavengers and how cells differentiate between imported and intracellular ROS. Conceptually, this could involve a localized decrease in ROS scavenging capacity modulated by RLKs. In animal cells, the activation of plasma membrane-localized receptors triggers the phosphorylation and inhibition of Peroxiredoxin I, allowing limited H 2 O 2 buildup and oxidation events to occur (Woo et al., 2010) . Alternatively, overoxidation of intracellular ROS scavengers, i.e., peroxiredoxins, could enable local accumulation of imported H 2 O 2 ("floodgate theory"; Wood et al., 2003) . Both mechanisms could lead to the formation of H 2 O 2 maxima (Mishina et al., 2011) . Interestingly, a number of membrane proteins, including RLKs, localize to distinct membrane microdomains in plants (Jarsch et al., 2014) . The distance of a protein to the site of ROS maxima affects its likelihood of becoming a target, which allows ROS perception events to be controlled through spatial-temporal dynamics, i.e., positioning sensors in close proximity to producers. Thus, the joining of components of dedicated signaling networks together by microdomains might represent one way in which nearby effectors are modified and signals are passed from the ROS source in a concentration-dependent gradient. This model is in agreement with the recent discovery of oxidative PTMs of intracellular domains of cell surface receptors in animals (Truong et al., 2016) . Conceptually, the hypothesis of local ROS maxima is well established, but the proposed model does not provide a sufficient explanation for the problem of differentiation between intracellular and apoplastic ROS sources. Considering the short lifetime of ROS, the strong cytoplasmic redox buffering capacity, and the level of customization observed in response to different forms of ROS, the apoplastic perception scenario appears more plausible. However, the ROS perception models described above are not mutually exclusive, and they all likely contribute to downstream signaling.
Are RLKs and ROS Modules Integrated during Long-Distance Signaling?
Research on both RLK and ROS signaling frequently focuses on local processes. Such approaches are justified by the physiological relevance of immediate local responses within specific cells and their immediate neighbors. However, systemic signal transduction by peptides, non-peptide plant hormones, carbohydrates, and other molecules plays important roles in relaying information between tissues and organs in a plethora of environmental and developmental responses.
During long-distance nutritional signaling, secreted peptides transported through the vasculature are perceived by RLKs (Okamoto et al., 2016) . On the other hand, ROS have traditionally been considered unsuitable for systemic signaling due to their short lifetimes and high reactivity. However, in addition to local ROS production, treatments such as wounding and abiotic cues induce a rapid self-propagating "ROS wave" in the apoplast through the activation of RBOHD in each cell along a systemic path (Miller et al., 2009) . It is conceivable that an RLK-dependent ROS burst might initiate a ROS wave as, for instance, the activation of PEPR signaling has been suggested to connect local and systemic responses (Ross et al., 2014) . Ca 2+ is a key regulator of the ROS wave (Gilroy et al., 2016) . Interestingly, Nissen et al. (2016) proposed that the CrRLK1L kinase family could be involved in integrating ROS and Ca 2+ signaling by monitoring the status of the cell wall, at least locally. However, since apoplastic ROS can also affect cell wall composition and integrity (Lee et al., 2013) , CrRLK1L kinases might participate in the propagation of ROS waves. Furthermore, apoplastic pH changes also contribute to the systemic signaling wave (Monshausen et al., 2007; Geilfus and Mühling, 2013) . As apoplastic alkalinization depends on the inactivation of plasma membrane H + -ATPases, it is conceivable that RLKs might also control this aspect of systemic signaling.
These collective data suggest that RLK and ROS signal transduction functions are integrated in long-distance signaling. However, the molecular details of whether and how RLKs might be connected to systemic ROS and other signaling elements await elucidation.
GUARD CELLS, A MODEL FOR ROS AND MAMP/DAMP PERCEPTION RESEARCH
As evident from the previous sections, many mechanisms that control RLK-ROS signaling processes are not completely understood. Research often benefits from the use of wellestablished model systems that offer a basic framework for future discoveries. In the context of RLK-ROS crosstalk, guard cell signaling leading to stomatal closure is particularly well suited for this purpose. Guard cells serve as a convenient system for studying apoplastic signaling, as the lack of plasmodesmata isolates their cytoplasm from that of the neighboring cells. Processes controlling stomatal aperture respond to a multitude of stimuli to balance photosynthetic CO 2 uptake with water loss. Another core function of guard cells is to control stomatal immunity, which restricts the entry of pathogens into the plant (Melotto et al., 2006) . The control of stomatal closure unites multiple signaling molecules/ events linked to RLK signaling (Figure 3 ), such as apoplastic ROS (Sierla et al., 2016) , Ca 2+ signaling (Laanemets et al., 2013) , and apoplast alkalization (Merlot et al., 2007) .
Stomatal Closure Requires a Plethora of Signaling Events
The initial signal perception events controlling stomatal closure in response to abiotic stimuli, such as high CO 2 , low humidity, darkness, and air pollutants, use different receptors. However, the downstream processes involve components of a relatively wellstudied stomatal ABA signaling pathway, with the protein kinase OST1/SnRK2.6 acting as a regulatory hub (Figure 3) . In response to ABA, OST1 presumably phosphorylates RBOHF (Sirichandra et al., 2009) , which in turn triggers the accumulation of apoplastic ROS. In addition to phosphorylation, the activation of RBOHs depends on Ca 2+ transients provided by ROS-independent Ca 2+ channels (Kong et al., 2016) . While RBOHF is the major RBOH isoform involved in ABA-induced stomatal closure, RBOHD also contributes to this process (Kwak et al., 2003) . However, it is unclear whether OST1 also phosphorylates RBOHD. Apoplastic ROS accumulation is both necessary and sufficient to induce stomatal closure by activating ROS-dependent inward-directed Ca 2+ channels (Kwak et al., 2003) . The increase in cytosolic Ca 2+ concentration activates a plethora of calcium-dependent protein kinases that phosphorylate RBOHD and RBOHF (among other substrates) to amplify ROS production (Sierla et al., 2016) . Other key substrates of calcium-dependent protein kinases include anion channels, with SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1) serving as a major executor of stomatal closure (Vahisalu et al., 2008) . Under most conditions, the activation of SLAC1 requires the LRR-RLK GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1; Hua et al., 2012) . However, the precise functions of GHR1 are not yet sufficiently understood. SLAC1-mediated efflux of anions, combined with the deactivation of the H + -ATPase AHA1 (Merlot et al., 2007) , lead to guard cell plasma membrane depolarization and the activation of unidentified voltage-dependent K + efflux channels, ultimately culminating in stomatal closure (Figure 3) .
RLKs Play Multiple Roles in Controlling Stomatal Immunity
The control of stomatal closure in response to MAMPs and DAMPs involves the use of similar signaling components, many of which are not sufficiently understood. Despite the importance of stomatal immunity, as discussed by Arnaud and Hwang (2015) , the requirement of the respective MAMP/DAMP receptors has been ascertained only for FLS2 (Melotto et al., 2006) . Therefore, it would be interesting to investigate the roles of the respective RLKs (Table 1) in the initiation of stomatal closure. According to publicly available gene expression data, many RLKs necessary for MAMPs/DAMPs perception are present in guard cells. However, considering the central role of apoplastic ROS, it is conceivable that ROS produced upon MAMP/DAMP perception in neighboring epidermal pavement cells contribute to stomatal closure.
The central role of OST1 in stomatal immunity is demonstrated by the phenotypes of ost1 mutants that fail to respond to flg22 and lipopolysaccharides (LPSs; Melotto et al., 2006; Guzel Deger et al., 2015) . Interestingly, BAK1, a coreceptor for many RLKs, activates OST1 in response to ABA, but this activation is inhibited by ABI1 and by treatment with BR (Shang et al., 2016) . However, the identity of RLKs associated with the BAK1-OST1 complex is currently unknown. Moreover, it remains to be investigated whether the interaction between BAK1 and OST1 can be triggered by the application of MAMPs.
While RBOHF plays an important role in ABA-induced stomatal closure, RBOHD is the major isoform involved in stomatal immunity (Macho et al., 2012; Kadota et al., 2014) , and multiple studies describe differential RBOHD phosphorylation in response to MAMPs (Nühse et al., 2007; Benschop et al., 2007; Kadota et al., 2014) . In response to MAMP treatment, EFR and FLS2 activate BIK1, which plays a major role in stimulating ROS production by phosphorylating Ser-39, Ser-339, and Ser-343 of RBOHD (Kadota et al., 2014) . Consequently, complementation of rbohD plants with RBOHD S39A, S339A, S343A does not restore stomatal responses to elf18 and flg22 (Kadota et al., 2014) . However, the activation of BIK1 and apoplastic ROS production are not sufficient to complete the process of stomatal closure. Plants deficient in LecRK-VI.2, an RLK involved in the FLS2 receptor complex, cannot close their stomata in response to flg22 and elf26, despite successful activation of BIK1 and apoplastic ROS production (Singh et al., 2012) . ABA-induced stomatal closure is intact in lecrk-VI.2, indicating that LecRK-VI.2 acts upstream or independently of ABA signaling. Another RLK, LecRK-V.5, also negatively regulates stomatal closure in response to bacterial pathogens and MAMPs . The lack of LecRK-V.5 results in constitutive stomatal closure due to the accumulation of ROS within guard cells. Conversely, plants overexpressing LecRK-V.5 cannot initiate ROS production in response to MAMPs. Consequently, LecRK-V.5 overexpressors are deficient in stomatal closure in response to flg22, elf26, and LPS . Collectively, these data position LecRK-V.5 as a negative regulator of stomatal immunity, acting through the inhibition of ROS accumulation. Interestingly, LecRK-V.5 appears to also be involved in the ABA signaling pathway, as LecRK-V.5 overexpression partially impairs stomatal closure in response to ABA treatment . As described earlier, FER, which stimulates ROS production, can also negatively regulate ABA-induced ROS accumulation in guard cells (Yu et al., 2012) . Considering the different roles of RBOHF and RBOHD, guard cells could serve as a model for further studies on the functions and modes of activation of these isoforms. However, RBOHs are not the only sources of apoplastic ROS, as the ROS burst in response to yeast elicitor (Khokon et al., 2010a) , chitosan (Khokon et al., 2010b) , and cytokinins (Arnaud et al., 2017) mainly depends on the activity of apoplastic peroxidases. Taken together, these findings highlight the central role of RLKs in controlling guard cell ROS production. However, despite the physiological relevance of guard cell ROS signaling, the initial ROS perception events remain elusive (Figure 3) .
As is the case in the responses to many abiotic stimuli, MAMPinduced stomatal closure requires apoplast alkalinization, which is achieved by the deactivation of AHA1. Plants with constitutively active AHA1 fail to initiate stomatal immunity in response to flg22, LPS, and virulent Pseudomonas syringae (Liu et al., 2009 ). This finding is in agreement with the observation that rapid phosphorylation/dephosphorylation of AHAs occurs upon MAMP treatment (Nühse et al., 2007; Benschop et al., 2007) . The identities of guard cell kinases and phosphatases that regulate AHA1 activity downstream of MAMP perception are currently unknown. Similarly, apart from the well-established function of apoplast alkalization in the activation of voltage-dependent K + out channels, the precise roles of apoplast alkalization are not fully understood. Considering the effect of apoplastic pH on oxidative posttranslational modifications of cysteine residues, it is conceivable that AHA1 might help regulate apoplastic ROS signaling processes.
Additionally, multiple hormones, pathogen effectors, and plant metabolites play important roles in regulating guard cell signaling, as recently reviewed by Arnaud and Hwang (2015) and Ye and Murata (2016) .
PERSPECTIVES
Traditionally, ROS were viewed as toxic by-products of cellular metabolism or antimicrobial compounds. Currently, however, ROS are recognized as signaling molecules that exert control over many plant processes. Studies in the past decade have led to the identification of multiple mechanisms that plants use to modulate ROS production. RLK and ROS signaling are inextricably linked: RLKs have emerged as key regulators of apoplastic ROS bursts and ROS production downstream of RLK activation is orchestrated through a complex interplay of downstream signaling components. The functional conservation of these signaling modules highlights the central importance of the ROS burst in the responses of plants to extracellular cues. In the future, it will be important to identify mechanisms that allow plants to sense ROS signals; RLKs are emerging as potential regulators of these processes. We anticipate that the development of ROS-sensitive probes that enable high-resolution visualization of extra-and intracellular ROS will facilitate this research. Furthermore, as ROSdependent responses are intertwined with intracellular signaling governed by RLK kinase domains, it will be equally important to identify components that function independently of ROS accumulation. In this context, it will be crucial to identify RLK phosphorylation substrates other than ROS-producing enzymes. Future studies on the interactions between these responses could increase our understanding of ROS signaling specificity. Research on the integration of RLK and ROS signaling with hormonal homeostasis at the whole-plant level will provide a holistic view of long-distance signaling processes. Ultimately, modulation of ROS-RLK crosstalk will allow adjusting plant growth and environmental responses in a dynamic environment.
